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In the brain, AMPA-type glutamate receptors are major postsynaptic
receptors at excitatory synapses that mediate fast neurotransmis-
sion and synaptic plasticity. α/β-Hydrolase domain-containing 6
(ABHD6), a monoacylglycerol lipase, was previously found to be a
component of AMPA receptor macromolecular complexes, but its
physiological significance in the function of AMPA receptors
(AMPARs) has remained unclear. The present study shows that
overexpression of ABHD6 in neurons drastically reduced excitatory
neurotransmission mediated by AMPA but not by NMDA receptors
at excitatory synapses. Inactivation of ABHD6 expression in neurons
by either CRISPR/Cas9 or shRNA knockdown methods significantly
increased excitatory neurotransmission at excitatory synapses. In-
terestingly, overexpression of ABHD6 reduced glutamate-induced
currents and the surface expression of GluA1 in HEK293T cells
expressing GluA1 and stargazin, suggesting a direct functional in-
teraction between these two proteins. The C-terminal tail of GluA1
was required for the binding between of ABHD6 and GluA1. Muta-
genesis analysis revealed a GFCLIPQ sequence in the GluA1 C termi-
nus that was essential for the inhibitory effect of ABHD6. The
hydrolase activity of ABHD6 was not required for the effects of
ABHD6 on AMPAR function in either neurons or transfected HEK293T
cells. Thus, these findings reveal a novel and unexpected mechanism
governing AMPAR trafficking at synapses through ABHD6.
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In the central nervous system, the amino acid glutamate is the
major excitatory transmitter. The receptors for glutamate, which

is critical for brain function, include ionotropic and metabotropic
glutamate receptors. AMPA receptors (AMPARs) constitute one
major class of ionotropic glutamate receptors that mediate fast
excitatory synaptic transmission by binding glutamate released
from presynaptic terminals. Mammals express four types of AMPAR
subunits—GluA1, GluA2, GluA3, and GluA4—which are encoded
by Gria1, Gria2, Gria3, and Gria4, respectively (1, 2). Mature
AMPARs are tetramers composed of GluA1–4 (3). The subunit
composition determines their kinetics and pharmacological proper-
ties (4–6). Except for these pore-forming subunits, native AMPARs
are thought to be macromolecular complexes associated with a va-
riety of auxiliary proteins, including transmembrane AMPA receptor
regulatory proteins, cornichons, Gsg1l, syndig1, and CKAMP44 (7–
20). Recently, a high-resolution proteomics analysis revealed 21
additional proteins associated with native AMPAR core subunits
(21). The α/β-hydrolase domain-containing 6 (ABHD6) enzyme,
which is implicated in the hydrolysis of 2-arachidonoylglycerol
(2-AG), was found to be a component of native AMPA receptor
complexes. Interestingly, ABHD12 was also found in these com-
plexes. These observations led to a tempting hypothesis: 2-AG
signaling might be directly involved in the function and trafficking of
the AMPA receptor.
ABHD6 and ABHD12 belong to the α/β-hydrolase family,

which comprises at least 15 genes (22, 23). ABHD6 has been

detected in various tissues, including the brain, liver, kidney, and
pancreatic islets (24, 25). In the brain, ABHD6 localizes pre-
dominantly to postsynaptic sides, whereas the other major 2-AG
hydrolase, monoacylglycerol lipase (MAGL), is found mainly in
axons and presynaptic terminals (26–29). In the human cortex,
ABHD6 mRNA expression begins in the neonatal period and
increases until adulthood (30). Previous studies have identified
ABHD6 as a lipase (25, 31). ABHD6, MAGL, and ABHD12
were found to be major enzymes in the brain, hydrolyzing >99%
of endocannabinoid 2-AG in a substrate- and isoform-specific
manner (32, 33). Knockdown of ABHD6 with antisense oligo-
nucleotides in the liver, white adipose tissue, and kidney tissue
exerted a protective effect against high-fat diet-induced obesity
in mice (34). Inhibition of the ABHD6 lipase with WWL70, a
specific inhibitor of ABHD6 lipase activity, or by knockout of
ABHD6 specifically in β-cells increased glucose-stimulated in-
sulin secretion in pancreatic β-cells, implying a role for ABHD6
in regulating exocytosis (24). Many previous studies on the role
of ABHD6 in brain functioning have focused on the contribu-
tions of 2-AG and endocannabinoid-related signaling. For ex-
ample, depolarization-induced suppression of excitation (DSE)
or inhibition (DSI) are two forms of synaptic modulation that
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depend on 2-AG and endocannabinoid signaling (35–40). The
brain-penetrant ABHD6 inhibitor, WWL123, did not affect DSE
in cerebellar slices, whereas genetic inactivation of MAGL
resulted in prolonged DSE at Purkinje cell synapses in granule
cells or the inferior olivary nucleus (41). WWL123 had no effects
on DSI or DSE in autapse preparations (28, 42), and over-
expression of mouse ABHD6 or ABHD12 in hippocampal
autapse preparations had no effects on the kinetics of DSE (43).
In layer 5 of prefrontal cortical slices, blocking ABHD6 or
MAGL activity with WWL70 or JZL184, respectively, induced
endocannabinoid-dependent long-term depression via subthresh-
old stimulation of layer 2 neurons (29). Furthermore, these effects
were blocked by AM251, a cannabinoid receptor type 1 blocker.
In contrast, treatment with either WWL70 or JZL184 did not
significantly alter the kinetics of DSE at the same synapse. Serine
hydrolase inhibitors are used for the treatment of many diseases,
including cognitive dementia, obesity, and diabetes. ABHD6 is
considered an attractive therapeutic target for manipulating 2-AG
signaling (44–46). Chronic WWL70 treatment after traumatic
brain injury exerted a neuroprotective effect by increasing the
levels of 2-AG in the brain (47). Pretreating mice with WWL123,
another brain-penetrant ABHD6 inhibitor, alleviated epileptic
symptoms during pentylenetetrazole-induced seizures, and this
blockade was absent in the presence of γ-aminobutyric acid type
A receptor antagonists (48).
Thus, multifarious effects and roles have been associated with

ABHD6 in various systems. However, it is not clear whether the
newly identified association between ABHD6 and AMPARs has
physiological relevance. Similarly, whether ABHD6 affects the
function of AMPARs via the 2-AG signaling pathway or by a
more direct action has not yet been tested. The present study
explored the role of ABHD6 in the function of AMPARs using
electrophysiological recordings in primary hippocampal neurons,
acute hippocampal slices, and transfected HEK293T cells using
both gain-of-function and loss-of-function assays.

Results
Overexpression of ABHD6 Inhibited AMPAR-Mediated Synaptic
Transmission and the Surface Expression of GluA1 in Hippocampal
Neurons. AMPARs are major postsynaptic receptors at excit-
atory synapses in the brain. ABHD6 was highly expressed in
cultured neurons and in the brain, and its expression levels in-
creased during development and remained stable throughout
adulthood (Fig. S1). To assess whether ABHD6 affected AMPAR-
mediated synaptic transmission, neurons were transfected with GFP
or ABHD6 fused to P2A-GFP, such that less than 1% of the
neurons were transfected, and the synaptic responses of the
transfected neurons identified via GFP fluorescence were recorded
(49). To ensure that the neurons selected for recording indeed
expressed all of the desired constructs, we transfected hippocampal
neurons with three separate vectors encoding the fluorescent
markers GFP (green fluorescent protein), BFP (blue fluorescent
protein), and tdTomato (tdTomato fluorescent protein). Con-
sistent with other studies using similar transfection strategies (49,
50), 94.44% (102 of 108 neurons from three independent trans-
fections) of the transfected neurons expressed the three markers
simultaneously (Fig. S2). Moreover, the coexpression percent-
ages of pairs of fluorescent markers in the same experiments
were 95.24% (BFP/GFP), 94.44% (BFP/tdTomato), and 99.21%
(GFP/tdTomato), confirming the reliability of our cotransfec-
tion method.
Our results showed that the transfection of ABHD6 caused an

∼10-fold decrease in the frequency of miniature excitatory
postsynaptic currents (mEPSCs) and an ∼1.5-fold decrease in
the amplitudes of mEPSCs (Fig. 1A). The transfection of ABHD6
into neurons had no effects on membrane capacitance (control:
57.01 ± 2.457 pF; ABHD6: 57.71 ± 2.34 pF) or resistance (control:
379 ± 14 MΩ, n = 175 cells/23 cultures; ABHD6: 350 ± 11 MΩ,

n = 178/23) compared with the GFP-transfected neurons. To
ensure that the observed effects were specific to the transfected
neurons, mEPSCs in transfected and nontransfected neighboring
neurons were measured on the same coverslip. Only the trans-
fected neurons expressing ABHD6 showed impaired mEPSCs
(Fig. 1B and Fig. S3). An analysis of the rising slope and decay
time course of the mEPSCs showed that overexpression of
ABHD6 significantly decreased the rising slope of the mEPSCs
and increased the decay τ (Fig. 1C), showing that ABHD6 af-
fected the kinetics of these mEPSCs. Recordings of the evoked
synaptic responses (EPSCs) revealed a similar decrease in the
amplitudes of the EPSCs (Fig. 1D). Furthermore, ABHD6 over-
expression significantly decreased the EPSCs induced by hyper-
tonic sucrose, which induces the release of all readily releasable
vesicles (Fig. 1E). Measurements of the somatic ligand-induced
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Fig. 1. Cell-autonomous inhibition of AMPAR-mediated postsynaptic currents
by ABHD6 overexpression. All data are from cultured hippocampal neurons
transfected with either an empty vector (control) or a vector encoding ABHD6-
2A-GFP in electrophysiological experiments. (A) Representative traces (Left)
and summary graphs of the frequencies (Center), and amplitudes (Right) of
mEPSCs recorded in 1 μM tetrodotoxin (TTX) and 0.1 mM PTX (control: n = 30
cells/3 cultures; ABHD6: n = 35/3, frequency: ***P < 0.001, amplitude: **P <
0.01). (B) Summary graphs of the frequencies of mEPSCs recorded from
transfected and neighboring (nontransfected) neurons (control: n = 32 pairs,
frequency: P > 0.05; ABHD6: n = 29 pairs, frequency: ***P < 0.001).
(C) Representative traces (Left) and summary graphs of the rising slope (Cen-
ter) and decay τ (Right) of normalized traces of mEPSCs (rising slope: control:
57/6, ABHD6: 20/6, ***P < 0.001; decay τ: control: 57/6; ABHD6: 20/6, **P <
0.01). (D) Representative traces (Left) and summary graphs of the amplitudes
(Right) of action potential-evoked EPSCs recorded in 0.1 mM PTX (control: n =
43/4; ABHD6: n = 43/4, ***P < 0.001). (E) Representative traces (Left) and mean
charge transfer (Right; integrated over 60 s) of EPSCs elicited by hypertonic
sucrose (0.5 M for 30 s; control: n = 13/4; ABHD6: n = 13/4, *P < 0.05).
(F) Representative traces (Left) and peak amplitudes and plateaus (Right) of
currents induced by the application of 200 μM AMPA to hippocampal neurons
transfected with ABHD6 or a control vector recorded in 1 μM TTX, 0.1 mM PTX,
and 50 μM AP5 (peak: control: n = 24/3, ABHD6: n = 27/3, ***P < 0.001; pla-
teau: control: n = 22/3, ABHD6: n = 24/3, ***P < 0.001).
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currents elicited by puffing 200 μM of AMPA revealed a similar
robust reduction in the amplitude (Fig. 1F). To examine whether
ABHD6 specifically affected AMPAR-mediated synaptic trans-
mission, synaptic responses mediated by NMDA receptors
(NMDARs) or GABA A receptors (GABAARs) at the hippo-
campal synapses were monitored. ABHD6 caused no change in
either the frequency or the amplitude of GABAAR-mediated
miniature inhibitory postsynaptic currents (mIPSCs). No changes
were observed in evoked IPSCs (eIPSCs) or the paired-pulse ratio
(Fig. 2 A–C). IPSCs induced by hypertonic sucrose were also
normal in ABHD6-transfected neurons (Fig. 2D), showing that
GABAAR-mediated synaptic transmission was intact in the
ABHD6-overexpressing neurons. NMDARs, another type of
ionotropic glutamate receptor, colocalize with AMPARs at ma-
ture glutamatergic synapses (51, 52). The opening of NMDARs
requires simultaneous glutamate binding and removal of magne-

sium blockade at rest (53). AMPARs and GABARs were phar-
macologically blocked with 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and picrotoxin (PTX), respectively, and the action po-
tential (AP)-induced synaptic transmission mediated by NMDARs
at excitatory synapses was recorded at a membrane potential of
+40 mV in the absence of extracellular magnesium. The results
showed that NMDAR-mediated AP-induced or hypertonic su-
crose-induced EPSCs were not affected by the postsynaptic over-
expression of ABHD6 (Fig. 2 E and F). These observations clearly
demonstrated that ABHD6 overexpression specifically affected
AMPAR-mediated synaptic transmission at the excitatory synapses.
To test whether ABHD6 overexpression alters the synaptic

AMPAR levels, we measured the surface and total GluA1 levels
in transfected neurons using quantitative immunocytochemistry.
The results revealed that ABHD6 reduced the surface expression
levels of GluA1, as reflected by a decreased number of GluA1surface+

puncta in nonpermeabilized neurons (Fig. 3A). In contrast,
ABHD6 had no effect on GluA1total+ puncta at postsynaptic ter-
minals in permeabilized neurons (Fig. 3B). The numbers of vGlut1+

and PSD-95+ puncta were also normal in ABHD6-transfected
dendrites (Fig. 3 C and D). In addition, the numbers of NMDAR+

and GAD65+ puncta were both normal (Fig. S4), suggesting that
ABHD6 specifically interacts with AMPARs at synapses and re-
duces the surface expression of postsynaptic AMPARs.

1.5

2.0

1.0

0.5

0.0

2.5

3

4

2

1

0
IP

S
C

s 
C

ha
rg

e 
(n

C
)

5

5 s

1 nA

400 ms

1 nA

E
P

S
C

s 
C

ha
rg

e 
(n

C
)

2

1

0

0.2

0.1

0.0

5 s

0.2 nA

0.3 s

0.1 nA

P
ai

re
d-

P
ul

se
 R

at
io

0.6

0.4

0.2

0.0

0.8

A

EPSCs (NMDAR)

mIPSCs (GABAR)

Control

ABHD6
F

re
qu

en
cy

 (
H

z)

A
m

pl
itu

de
 (

pA
)

0.2

0.1

0.0

n.s.
60

40

20

0

n.s.

B eIPSCs (GABAR)

Sucrose-induced IPSCs 
(GABAR)

eIPSCs PPR

Control

ABHD6

IP
S

C
s 

A
m

pl
itu

de
 (

nA
) n.s.

C

Control

ABHD6

D

n.s.

Sucrose-induced 
EPSCs (NMDAR)

E F

E
P

S
C

s 
A

m
pl

itu
de

 (
nA

) n.s.

Control

ABHD6

Control

ABHD6

n.s.

n.s.

5 s

50 pA

1 nA

0.2 s

Control

ABHD6

P
ai

re
d

P
ul

se
R

at
io

   
(5

0m
s 

in
te

rv
al

)

0.0

0.5

1.0

1.5
n.s.

Fig. 2. ABHD6 has no effects on GABAergic or NMDAR-mediated post-
synaptic currents. All data are from cultured hippocampal neurons trans-
fected with either an empty vector (control) or a vector encoding ABHD6-2A-
GFP in electrophysiological experiments. (A) Representative traces (Left) and
summary graphs of the frequencies (Center) and amplitudes (Right) of
mIPSCs recorded in 10 μM CNQX (control: n = 31/3; ABHD6: n = 30/3, fre-
quency: P > 0.05, amplitude: P > 0.05; ns, not significant). (B) Representative
traces (Left) and summary graphs of the amplitudes (Right) of action
potential-eIPSCs recorded in 10 μM CNQX (IPSCs: control: n = 23/3; ABHD6:
n = 31/3, P > 0.05). (C) Representative traces (Left) and paired-pulse ratio
(Right) of IPSCs evoked by two closely spaced action potentials (100-ms in-
terval, control: n = 23/3; ABHD6: n = 32/3, P > 0.05). (D) Representative traces
(Left) and mean charge transfer (Right; integrated over 60 s) of IPSCs elicited
by hypertonic sucrose (0.5 M for 30 s; IPSCs: control: n = 9/3; ABHD6: n = 8/3,
P > 0.05). (E) Representative traces (Left) and summary graphs of the am-
plitudes (Center) of action potential-evoked EPSCs recorded in 100 μM PTX
and 10 μM CNQX at +40 mV, paired-pulse ratio (Right) of EPSCs evoked by
two closely spaced action potentials. (NMDAR: control: n = 41/4; ABHD6: n =
42/4, P > 0.05; paired pulse ration: 50-ms interval, control: control: n = 26/3;
ABHD6: n = 29/3, P > 0.05).
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To examine the physiological importance of the observed effects,
we examined synaptic currents using whole-cell recordings in acute
hippocampal brain slices injected with adeno-associated virus
(AAV) expressing either ABHD6 or GFP as a control. By re-
cording the synaptic currents from transfected and neighboring
neurons, we found that AMPAR eEPSCs were not changed be-
tween control GFP and neighboring untransfected neurons (Fig. 4
A, 1). We simultaneously recorded eEPSCs from ABHD6-trans-
fected and neighboring untransfected neurons and found that the
amplitude was significantly reduced by ∼57 ± 14% (Fig. 4 A, 2),
suggesting that ABHD6 affects constitutive AMPAR trafficking.
Next, to investigate whether ABHD6 affect activity-dependent
receptor trafficking at synapses, we measured long-term potentia-
tion (LTP) in the hippocampal Schaffer collateral pathway in acute
brain slices injected with AAVs expressing ABHD6. After re-
cording a 5-min baseline, a pairing protocol (2-Hz stimulus for 90 s
while clamping the postsynaptic neuron at 0 mV) (54) was used to
induce LTP. We found that overexpression of ABHD6 resulted in
decreased LTP compared with uninfected neurons (Fig. 4B),
showing that ABHD6 affects AMPA receptor levels during in-
duction and maintenance of LTP. Taken together, our results
demonstrate that ABHD6 affected AMPAR function in both
cultured neurons and hippocampal slices.

Inactivation of ABHD6 by CRISPR/Cas9 or shRNAs Increased AMPAR-
Mediated Synaptic Transmission in Hippocampal Neurons. Next, we
examined the effects of ABHD6 on the AMPAR-mediated
synaptic transmission using two different loss-of-function ap-
proaches. First, the CRISPR/Cas9 system was used to delete
ABHD6 in cultured hippocampal neurons. The CRISPR/Cas9
method has proven to be a powerful method to knock out genes
in both cells and animals (55–65). Recently, the complete func-

tional deletion of synaptic proteins, including the GluN1 subunit
of the NMDA receptor and the GluA2 subunit of the AMPA
receptor, was reported in hippocampal neurons (50). Thus, a
subgenomic RNA (sgRNA) targeting the second exon of mouse
ABHD6 was constructed, and its efficiency in reducing the ex-
pression of ABHD6 in transfected HEK293T cells was examined
(Fig. 5A). A Western blot of ABHD6 in the transfected
HEK293T cells showed a significant and specific reduction in the
expression of ABHD6 in the CRISPRABHD6 group compared
with a control group (Fig. 5B and Fig. S5). The transfection of
CRISPRABHD6 into hippocampal neurons at 10 d in vitro (DIV)
increased both the frequency of mEPSCs and the amplitude of
the evoked EPSCs, and this effect was abolished by coexpressing
an ABHD6 rescue construct carrying a 2A-GFP fluorescent
marker for visualization (Fig. 5 C and D). Second, two shRNAs
(sh37 and sh49), which were previously shown to inactivate the
expression of ABHD6 by 37% and 49%, respectively (29), were
transfected, and their effects on excitatory synaptic transmission
in cultured hippocampal neurons were examined. The results
showed that the transfection of both shRNAs targeting ABHD6
increased the frequency of mEPSCs (Fig. 5E), similar to the
synaptic effects observed in the CRISPR-mediated deletion
experiments. Additionally, the overexpression of a full-length
ABHD6 cDNA together with shRNAs reversed the knockdown
effects on mEPSCs. Furthermore, knockdown of ABHD6 using an
AAV expressing sh49 caused an almost twofold increase in the
amplitude of evoked EPSCs in the CA3-CA1 synapses in the acute
hippocampal slices (Fig. 5F). Thus, these results clearly indicate
that inactivation of ABHD6 in neurons increases AMPAR-me-
diated synaptic transmission.

Overexpression of ABHD6 Decreased Glutamate-Induced Currents and
the Surface Expression of GluA1 in HEK293T Cells Expressing GluA
Subunits. To examine whether the observed neuronal phenotypes
reflected a direct functional interaction between ABHD6 and
AMPARs, we examined the effects of ABHD6 overexpression on
glutamate-induced currents recorded from HEK293T cells trans-
fected with various AMPAR subunits, either alone or together
with stargazin (7, 8). Stargazin is a four-transmembrane protein
associated with AMPARs in vivo, which plays a critical role in
delivering AMPARs to the plasma membrane (10, 16, 66). The
currents elicited under all conditions were AMPAR-specific;
HEK293T cells without GluA transfection showed no detectable
currents (Fig. S6). Compared with GFP-transfected cells, over-
expression of human ABHD6 fused to P2A-GFP significantly
reduced the amplitude of glutamate-induced currents in HEK293T
cells either cotransfected with GluA1, GluA2, and stargazin (Fig.
6A) or cotransfected with GluA1 and stargazin (Fig. 6B). Not
surprisingly, the currents were very small in the absence of star-
gazin, which is consistent with a previous report (16), although
ABHD6 still significantly inhibited the peak amplitude and steady-
state amplitude of ligand-induced currents (Fig. 6C). When star-
gazin alone was expressed in HEK293T cells, glutamate failed to
elicit a detectable current, which is consistent with previous ob-
servations of HEK293T cells and Xenopus oocytes (7, 67, 68).
ABHD6 transfection had no effects on membrane capacitance
(control: 49 ± 3 pF; ABHD6: 48 ± 3 pF) or resistance (control:
785 ± 79 MΩ, n =172/18; ABHD6: 956 ± 72 MΩ, n =169/18), sug-
gesting that these cells were normal. Thus, ABHD6 overexpression
strongly inhibits AMPAR-mediated currents in HEK293T cells.
The observed reduction in AMPAR-mediated currents in the

transfected HEK293T cells might have been because of the in-
hibition of surface-localized AMPA receptors, a decrease in the
overall expression of GluAs, or an impairment in AMPAR
trafficking to the surface. To distinguish between these possi-
bilities, the total GluA1 levels were measured in HEK293T cells
transfected with either GluA1 and stargazin alone or together
with ABHD6. Quantitative immunoblotting revealed that ABHD6
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overexpression increased the total GluA1 protein level (Fig. S7).
Quantitative immunostaining of GluA1 from permeabilized and
nonpermeabilized transfected HEK293T cells revealed that the
coexpression of ABHD6, GluA1, and stargazin reduced the sur-
face expression of GluA1 compared with a control group (Fig.
6D). In addition, the total GluA1 immunostaining signal did not
differ between the ABHD6 and control groups (Fig. 6E). This
finding was consistent with the quantitative immunoblotting
results, supporting the notion that ABHD6 inhibits AMPAR-
mediated currents because of the selective reduction of surface-
localized AMPARs.

The GluA1 C Terminus Mediated the Inhibitory Effect of ABHD6. To
identify the essential region in the GluA1 for the inhibitory effect
of ABHD6, we first investigated the subcellular localization of
ABHD6. Two ABHD6 constructs were generated and tagged
with an myc epitope on either the N terminus or the C terminus.
Surface labeling of nonpermeabilized HEK293T cells revealed
no surface expression of either the N-terminal or C-terminal
tagged ABHD6 (Fig. 7 A–D), supporting the notion that ABHD6
is a membrane-bound cytoplasmic protein rather than a trans-
membrane protein (29). Therefore, the subcellular localization of
ABHD6 implied that ABHD6 interacts with the C terminus
of GluA1 because GluA1 itself is a transmembrane protein. To
further test this hypothesis, we transfected HEK293T cells with
plasmids expressing myc-tagged ABHD6 together with a full-
length GluA1 or GluA1 deletion construct (Fig. 7E), and immu-
noprecipitated ABHD6 using anti-myc antibodies. We found that
ABHD6 was specifically coimmunoprecipitated with GluA1 only
when both ABHD6 and GluA1 were expressed. GluA1 C-terminal
deletion ending with EFCYK-tag-stop (D15A1) (Fig. 7E) showed
significantly less binding to ABHD6-myc (Fig. 7F). Quantitation
of the bound proteins relative to the total input showed that
D15A1 retained myc-ABHD6 with ∼8 ± 6% of the efficiency of
full-length GluA1, suggesting that ABHD6 binds to the GluA1 C
terminus. Consequently, 15 GluA1 C-terminal deletion constructs
were generated to more precisely identify the sequence required
for this phenotype. A human influenza hemagglutinin (HA) tag
was fused to the C termini of all of the constructs with a GQG
spacer (Fig. 7E). When these constructs were cotransfected with
stargazin into HEK293T cells, the AMPAR mutants D12A1,
D13A1, D14A1, and D15A1 still exhibited robust glutamate-
induced currents but were resistant to ABHD6 inhibition (Fig. 7G).
Based on the results from deletion constructs, we further generated
two mutation constructs [replacements of CLIPQ or GFCLIPQ
sequence with AAAAA (M1A1) or AAAAAAA (M2A1), re-
spectively] and examined whether ABHD6 still inhibited the
ligand-gated currents in HEK293T cells expressing these mutation
constructs. Our data showed that M1A1 and M2A1 significantly
reduced the inhibitory effects of ABHD6 on the GluA1-mediated
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currents in the transfected HEK293T cells, and M2A1 showed
a nearly complete “rescue” effect (Fig. 7G). Taking these data
together, our results demonstrated that GFCLIPQ sequence in
the GluA1 C terminus was required for the inhibitory effects of
ABHD6 on AMPAR function in the transfected HEK293T cells.

The Inhibitory Effect of ABHD6 on AMPARs in Hippocampal Neurons
and Transfected HEK293T Cells Was Independent of 2-AG Signaling.
Because ABHD6 hydrolyzes 2-AG, ABHD6 may impair AMPAR-
mediated currents through 2-AG signaling. To test this hypothesis,
HEK293T cells were treated with 10 μM WWL70, a specific in-
hibitor of ABHD6 lipase activity (33, 69), and ligand-gated currents
were measured in the presence of WWL70. In the presence of

WWL70, ABHD6 overexpression suppressed glutamate-induced
currents in HEK293T cells expressing GluA1, GluA2, and starga-
zin (19.17 ± 5.85%) (Fig. 8A), and in HEK293T cells expressing
only GluA1 and stargazin (28.91 ± 7.56%). The level of suppres-
sion was similar to that observed in a dimethyl sulfoxide-treated
control group (22.79 ± 6.99%). To confirm this observation, three
previously characterized ABHD6 mutations that block the enzy-
matic activity of ABHD6 were generated, and the ability of these
mutants to retain the inhibitory effects on glutamate-induced cur-
rents in the HEK293T overexpression system was tested. Based on
a previous bioinformatics analysis of the ABHD gene family, the
consensus active site motif for serine hydrolase is G-X-S-X-G in 12
of 15 ABHD genes, including ABHD6 (22). A biochemical study
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showed that S148 is essential for the enzymatic activity of ABHD6
(70). The same study also demonstrated that mutation of two other
residues (D278 and H306) abolished the catalytic ability of ABHD6,
although the introduction of these two mutations significantly de-
creased the expression of ABHD6 (70). Consistent with previous
observations, the introduction of S148A into ABHD6 had no sig-

nificant effect on ABHD6 protein expression levels in transfected
HEK293T cells compared with wild-type ABHD6, whereas two other
mutations (D278N and H306A) caused an ∼40% reduction in
ABHD6 expression (Fig. S8). When the S148A and D278N mutants
were coexpressed with GluA1 and stargazin in HEK293T cells, ligand-
induced currents were still significantly reduced, reinforcing the notion
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control: 44/5, ABHD6: 41/5, *P < 0.05; D9A1, control: 32/4, ABHD6: 32/4, P > 0.05; D10A1, control: 24/3, ABHD6: 24/3, *P < 0.05; D11A1, control: 24/3,
ABHD6: 24/3, *P < 0.05; D12A1, control: 36/4, ABHD6: 37/4, P > 0.05; D13A1, control: 27/3, ABHD6: 26/3, P > 0.05; D14A1, control: 27/3, ABHD6: 27/3,
P > 0.05; D15A1, control: 28/3, ABHD6: 28/3, P > 0.05; M1A1, control: 45/5, ABHD6: 45/5, *P < 0.05; M2A1, control: 28/3, ABHD6: 28/3, P > 0.05; GluA1
full-length, 61/8, ABHD6: 58/8, ***P < 0.001).
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that 2-AG signaling was dispensable in the inhibitory effects of
ABHD6 on AMPARs (Fig. 8B).
To examine whether ABHD6 affected AMPARs in neurons by

altering endocannabinoid signaling via its enzymatic activity
(breaking down 2-AG), the same three sets of experiments as we
performed in HEK293T cells were performed. First, neurons
were incubated with WWL70 after 10 DIV to block the lipase
activity of ABHD6. mEPSCs were recorded after 14 DIV. The
results showed that the WWL70 treatment did not affect the
mEPSC phenotype caused by ABHD6 overexpression (Fig. 8C).
Second, lipase-deficient mutants were transfected into hippo-
campal neurons. Again, the S148A mutant significantly reduced
the frequency of mEPSCs, similar to the effect observed in wild-
type ABHD6 (Fig. 8D). The D278N and H306A mutants showed
a trend toward a reduction in mEPSC frequency, although this
was not significant, likely because of the reduction in ABHD6
protein levels, as demonstrated in Fig. S8. Finally, ABHD12,
another lipase that hydrolyzes 2-AG in the brain, was overex-
pressed in hippocampal neurons, and the mEPSCs and EPSCs
mediated by AMPARs were monitored. In contrast to the effect
of ABHD6 overexpression, ABHD12 overexpression did not
affect mEPSCs or AP-evoked EPSCs (Fig. 8 E and F). Thus,
consistent with the observations in HEK293T cells, ABHD6 af-
fects synaptic AMPARs in neurons in a 2-AG–independent and
highly specific manner.

Discussion
AMPARs are the major postsynaptic receptors that mediate ex-
citatory synaptic transmission. Although researchers have discov-
ered many auxiliary proteins in the past decade, the specific roles
of these putative interacting proteins in regulating the function of
AMPARs remain to be elucidated. ABHD6 has been found in
AMPAR macromolecular complexes (21). As demonstrated in
the present study, ABHD6 specifically decreased the surface
expression of postsynaptic AMPARs via a hydrolase-independent
mechanism. The three principal observations of this study are
as follows.
First, ABHD6 was physiologically and functionally involved in

the function of the AMPARs at synapses, as supported by: (i) the
loss of ABHD6 in cultured neurons or in brain slices increased
AMPAR-mediated synaptic transmission (Fig. 5); (ii) over-
expression of ABHD6 in dissociated hippocampal neurons or in
brain slices decreased AMPAR-mediated synaptic transmis-
sion (Fig. 1) and postsynaptic surface AMPARs (Fig. 3); and
(iii) overexpression of ABHD6 in transfected HEK293T cells de-
creased AMPAR-mediated ligand-gated currents and the surface
expression of AMPARs (Fig. 6). The effect of ABHD6 was
dramatic in all three systems and was consistent across different
experiments, as indicated by the 75–95% reduction in mEPSC
frequency caused by ABHD6 overexpression (Fig. S9). ABHD6
expression almost abolished ligand-gated AMPAR-mediated
currents in the HEK293T cells and neurons. Furthermore, both
the peak and plateau amplitudes of glutamate-induced currents
were affected in the HEK293T and neuronal cells. The effect
was specific at AMPAR-containing synapses; there were no
changes in GABAR- or NMDAR-mediated synaptic trans-
mission (Fig. 2). The loss-of-function analysis showed that in-
activation of ABHD6 expression in cultured hippocampal neurons
or in brain slices increased AMPAR-mediated excitatory neuro-
transmission (Fig. 5), further supporting the notion that ABHD6
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Fig. 8. Blocking the hydrolase activity of ABHD6 by mutagenesis or WWL70
treatment did not ablate the ABHD6-induced inhibition of AMPAR function
in HEK293T cells and neurons. (A) Representative traces (Left) and summary
graphs of the peak amplitudes (Right) of currents induced by the application
of 10 mM GluK to HEK293T cells transfected with GluA1, GluA2, and star-
gazin, with either a control vector or a vector encoding ABHD6, with
(WWL70, control: 24/3, ABHD6: 24/3; ***P < 0.001) or without (DMSO,
control: 24/3, ABHD6: 24/3; ***P < 0.001) treatment with 10 μM WWL70.
(B) Representative traces (Left) and summary graphs of the peak amplitudes
(Right) of currents induced by the application of 10 mM GluK to HEK293T
cells transfected with GluA1, GluA2, stargazin, and different mutations of
ABHD6 (control: n = 21/3; wt: 21/3, ***P < 0.001; S148A: 22/3, ***P < 0.001;
D278N: 22/3, ***P < 0.001; H306A: 21/3, P = 0.059). (C) Representative traces
(Left) and summary graphs of the mean frequencies (Center) and amplitudes
(Right) of mEPSCs recorded from neurons transfected with a control vector
or vectors encoding ABHD6 with (WWL70, frequency: control: 74/8, ABHD6:
73/8, ***P < 0.001; amplitude: control: 71/8, 41/8, ***P < 0.001) or without
(DMSO, frequency: control: 45/5, ABHD6: 35/5, **P < 0.01; amplitude:
control: 37/4, ABHD6: 19/4, *P < 0.05) treatment with WWL70 (10 μM).
(D) Cultured hippocampal neurons transfected with either an empty vector
(control) or a vector encoding ABHD6-2A-GFP (ABHD6), ABHD6S148A-2A-GFP,
ABHD6D278N-2A-GFP, or ABHD6H306A-2A-GFP. Representative traces (Left)
and summary graphs of the mean frequencies (Center) and amplitudes
(Right) of mEPSCs recorded in 1 μM TTX and 10 μM PTX (frequency: control:
n = 66/6, wt: 44/6, **P < 0.01, S148A: 66/6, ***P < 0.001, D278N: 50/6, P >
0.05, H306A: 55/6, P > 0.05; amplitude: control: 47/6, wt: 17/6, **P < 0.01,
S148A: 16/6, P > 0.05, D278N: 32/6, P > 0.05, H306A: 39/6, P > 0.05).
(E) Representative traces (Left) and summary graphs of the frequencies (Center)
and amplitudes (Right) of mEPSCs recorded in 1 μM tetrodotoxin (TTX) and
0.1 mM PTX (frequency: control: n = 37 cells/4 cultures; ABHD6: n = 33/4,

P > 0.05, amplitude: n = 32 cells/4 cultures; ABHD6: n = 26/4, P > 0.05).
(F) Representative traces (Left) and summary graphs of the amplitude (Center)
of action potential-evoked EPSCs recorded in 0.1 mM PTX (control: n = 28/3;
ABHD6: n = 25/3; P > 0.05).
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is physiologically and functionally involved in the function of
AMPARs at synapses.
Second, ABHD6 inhibited the function of AMPARs by de-

creasing the surface expression of the receptors. The surface-
labeling experiments showed that overexpression of ABHD6
selectively inhibited the surface delivery of AMPARs. However,
ABHD6 overexpression had no effect on the total expression
levels of GluA in transfected HEK293T cells (Fig. 6) or on the
total postsynaptic GluA1 levels, as revealed by immunostaining
of transfected neurons (Fig. 3). Furthermore, overexpression
ABHD6 in hippocampal CA1 neurons reduced the pairing LTP
(Fig. 4), suggesting that ABHD6 is involved in both constitutive
and activity-dependent receptor trafficking. These observations
suggest that ABHD6 functions during receptor trafficking.
Third, ABHD6-induced inhibition of the function of AMPARs

was independent of 2-AG signaling. This conclusion was sup-
ported by the observations that WWL70 treatment and hydrolase-
deficient mutants did not rescue the ABHD6-induced suppression
of AMPAR-mediated mEPSCs. The finding that neither WWL70
treatment nor the transfection of various ABHD6 hydrolase-
deficient mutants into HEK293T cells expressing GluA with star-
gazin affected the phenotype of ABHD6 (Fig. 8) further strength-
ened this conclusion.

Physiological Significance. The data clearly showed that ABHD6
functionally interacted with AMPARs and selectively decreased
the surface expression—but not the overall expression levels—of
AMPARs. Thus, the striking effects observed in these experi-
ments perhaps reflect a direct functional interaction between
ABHD6 and AMPARs in addition to the previously reported
physical association (21). In contrast to stargazin (γ-2), which
promotes AMPAR trafficking to the plasma membrane (15, 16,
71), ABHD6 serves as a negative regulator in this process. A key
observation in the present study was that the expression of
ABHD6 in hippocampal neurons or in brain slices suppressed
synaptic AMPARs in a cell-autonomous manner, corroborating
the role of ABHD6 as a key negative regulator of synaptic
AMPARs. This potential role of ABHD6 was further strength-
ened by the finding that deletion of ABHD6 in cultured hippo-
campal neurons or in brain slices increased AMPAR-mediated
neurotransmission (Fig. 5).
This inhibitory effect is mostly a postsynaptic phenomenon.

This occurred for the following three reasons: (i) The number
of excitatory synapses, measured as the number of PSD-95+,
vGlut1+, or GluA1+ puncta, was not reduced in neurons over-
expressing ABHD6 (Fig. 3); (ii) the NMDAR-mediated synaptic
response was not affected by ABHD6 overexpression (Fig. 2),
suggesting that the excitatory synapses had normal presynaptic
transmitter release; and (iii) the paired-pulse ratio was normal in
AMPAR-mediated (Fig. S10) or NMDAR-mediated (Fig. 2E)
synaptic transmission in ABHD6-overexpressing neurons, ex-
cluding the possibility of ABHD6 involvement in the release prob-
ability. Thus, ABHD6 specifically affects postsynaptic AMPAR to
mediate its inhibitory effect on glutamatergic synaptic transmission.

We propose that the effect of ABHD6 on postsynaptic
AMPARs is independent of its hydrolase activity on 2-AG. This
theory appears to contradict the well-known lipase function of
ABHD6. However, the lipase function of ABHD6 may be more
apparent than real. 2-AG is produced and released from post-
synaptic neurons and subsequently binds to presynaptic endo-
cannabinoid receptors to inhibit vesicle fusion. Thus, the activation
of 2-AG–endocannabinoid pathways mainly serves to prevent
strong stimulation by decreasing presynaptic transmitter release
to maintain synaptic homeostasis (39, 72–77). MAGL, ABHD6,
and ABHD12 hydrolyze almost 99% of the 2-AG in the brain,
with ABHD6 accounting for less than 5% of the hydrolase ac-
tivity (mainly in neurons) (33, 78). Pharmacological blockade of
ABHD6 in cortical slices had a small but significant effect on
cannabinoid receptor type 1-dependent long-term depression. In
the present study, the postsynaptic expression of ABHD6 or
ABHD6 hydrolase-deficient mutations significantly reduced the
surface expression of AMPARs and inhibited AMPAR-mediated
synaptic transmission. These effects were independent of the
hydrolase activity of ABHD6. These findings reveal a previously
unknown function of ABHD6: it acts on postsynaptic AMPARs.
This role complements the hydrolase activity of ABHD6, which
is thought to target presynaptic transmitter release.
Furthermore, a number of unanswered questions remain for

future investigations. We found that ABHD6 binds to the C
terminus of GluA1, and a GFCLIPQ sequence in the C terminus
of GluA1 was required for the inhibitory effect of ABHD6 (Fig.
7); this finding may represent a starting point for further inves-
tigations on the underlying mechanisms. Although constitutive
and activity-dependent AMPAR trafficking is controlled by dif-
ferent mechanisms (79–81), overexpression of ABHD6 decreases
the amplitude of evoked EPSCs and LTP. Thus, resolving the
mechanism underlying the inhibitory effects of ABHD6 will help
elucidate the functional importance of the ABHD6–AMPAR
interaction within the framework of the mechanisms currently
known to regulate the functions of AMPARs at synapses.

Materials and Methods
Vector construction, cell culture, transfection, electrophysiology, protein pu-
rification, Western blotting, and immunostaining experiments are described in
detail in SI Materials and Methods.

All animal experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (Eighth edition) (82). All experi-
mental protocols were approved by the Institutional Animal Care and Use
Committee of Peking University.

For all representative data, scale bars apply to all panels in a set. All summary
graphs show the means ± SEMs; statistical comparisons via Student’s t test
yielded *P < 0.05, **P < 0.01, and ***P < 0.001.
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